We previously determined that expression of human multidrug resistance protein (MRP) 8, a recently described member of the MRP family of ATP-binding cassette transporters, enhances cellular extrusion of cyclic nucleotides and confers resistance to nucleotide analogs (J Biol Chem 278: 29509 -29514, 2003). However, the in vitro transport characteristics of the pump have not been determined. In this study, the substrate selectivity and biochemical activity of MRP8 is investigated using membrane vesicles prepared from LLC-PK1 cells transfected with MRP8 expression vector. Expression of MRP8 is shown to stimulate the ATP-dependent uptake of a range of physiological and synthetic lipophilic anions, including the glutathione S-conjugates leukotriene C4 and dinitrophenyl S-glutathione, steroid sulfates such as dehydroepiandrosterone 3-sulfate (DHEAS) and estrone 3-sulfate, glucuronides such as estradiol 17-␤-Dglucuronide (E 2 17␤G), the monoanionic bile acids glycocholate and taurocholate, and methotrexate. In addition, MRP8 is competent in the in vitro transport of cAMP and cGMP, in accord with the results of our previously reported cellular studies. DHEAS, E 2 17␤G, and methotrexate were transported with K m and V max values of 13.0 Ϯ 0.8 M and 34.9 Ϯ 9.5 pmol/mg/min, 62.9 Ϯ 12 M and 62.0 Ϯ 5.2 pmol/mg/min, and 957 Ϯ 28 M and 317 Ϯ 17 pmol/mg/min, respectively. Based upon the stimulatory action of DHEAS on uptake of E 2 17␤G, the attenuation of this effect at high DHEAS concentrations and the lack of reciprocal promotion of DHEAS uptake by E 2 17␤G, a model involving nonreciprocal constructive interactions between some transport substrates is invoked. These results suggest that MRP8 participates in physiological processes involving bile acids, conjugated steroids, and cyclic nucleotides and indicate that the pump has complex interactions with its substrates.
. MRP3, in addition to being able to transport glutathione and glucuronate conjugates, is also able to mediate the transport of the monoanionic bile constituents glycocholate (GC) and taurocholate (TC) (Hirohashi et al., 1999 (Hirohashi et al., , 2000 Zeng et al., 2000) . MRP4 and MRP5, which are structurally distinct from MRP1, MRP2, and MRP3, in that MRP4 and MRP5 possess two membrane spanning domains, whereas the latter proteins have three, have somewhat distinct substrate ranges (Belinsky et al., 1998 ). These two pumps are able to transport cAMP and cGMP (Jedlitschky et al., 2000; Chen et al., 2001; van Aubel et al., 2002; , whereas cyclic nucleotides are not known to be transport substrates of the larger members of the family. Whereas MRP4 and MRP5 have capabilities that are not possessed by MRP1, MRP2, and MRP3, in certain respects the substrate range of at least MRP4 overlaps with those of the latter pumps. As is the case for MRP1, MRP2, and MRP3, MRP4 is able to mediate the transport of glutathione and glucuronate conjugates, folates, and methotrexate (MTX) . In addition, like MRP1, MRP4 is able to transport certain sulfated steroids, such as dehydroepiandrosterone 3-sulfate (DHEAS) and estrone 3-sulfate (E 1 3S) (Qian et al., 2001; Zelcer et al., 2003b) , and like MRP3, MRP4 has the facility for transporting monoanionic bile acids (Rius et al., 2003) . Reports on MRP6 and MRP7, both of which possess three membrane spanning domains, indicate that MRP6 is able to transport glutathione conjugates and certain amphipathic cyclopentapeptides, and MRP7 has the facility for transporting glucuronate and possibly glutathione conjugates (Madon et al., 2000; Belinsky et al., 2002; Ilias et al., 2002; Chen et al., 2003a) .
Accumulating evidence indicates that certain MRPs have cooperative interactions with some of their substrates that may be consequent to the presence of multiple binding sites. The potential for MRPs to be activated in this manner was first raised in the context of the plant MRP AtMRP2, for which mutual stimulation by S-(2,4-dinitrophenyl)glutathione (DNP-SG) and E 2 17␤G was described in a detailed study in which it was concluded that this activity was attributable to a mechanism other than cotransport from a common substrate binding site (Liu et al., 2001 ). More recent studies on mammalian MRPs provided additional support for cooperative interactions. MRP2-mediated transport of E 2 17␤G and bile acids was reported to exhibit mutual stimulation, and E 2 17␤G transport was also subject to stimulation by a range of compounds, including sulfanitran and sulfinpyrazone (Bodo et al., 2003; Zelcer et al., 2003a) . In addition, MRP3-mediated transport of E 2 17␤G was reported to be stimulated by the sulfate conjugates of E3040, a benzothiazole derivative, and ethinylestradiol, a synthetic estrogen (Akita et al., 2002; Chu et al., 2004) . Furthermore, in several instances, the agents that stimulated transport by MRP2 and MRP3 were not themselves susceptible to transport. Although the preponderance of evidence for how glutathione stimulates transport of uncharged lipophiles such as vincristine supports a working model involving cotransport from a common bipartite binding site composed of separate interacting surfaces for lipophilic and anionic moieties (for review, see Kruh and Belinsky, 2003) , it has more recently been appreciated that glutathione can also stimulate transport of lipophilic anions, such as E 1 3S and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol-glucuronide in the case of MRP1 and GC in the case of MRP4 (Leslie et al., 2001; Rius et al., 2003) . This suggests the possibility that glutathione may have an additional binding site in MRP1 and MRP4 that is topologically distinct from the transport substrate binding pocket.
MRP8 is a recently identified MRP family member whose structure resembles MRP4 and MRP5 with respect to possessing only two membrane spanning domains (Bera et al., 2001; Tammur et al., 2001; Yabuuchi et al., 2001 ). We previously determined that ectopic expression of MRP8 in LLC-PK1 cells enhances cellular efflux of cyclic nucleotides and confers resistance to certain anticancer and antiviral nucleotide analogs (Guo et al., 2003) . However, the substrate range of the pump has not been determined and its potential physiological functions are largely unknown. Here, we investigate the substrate selectivity and biochemical activity of MRP8 using membrane vesicles prepared from LLC-PK1 cells transfected with MRP8 expression vector. It is shown that MRP8 is not only able to catalyze the ATP-energized transport of cyclic nucleotides but also that it is able to mediate the transport of a range of lipophilic anions, including the glutathione conjugate LTC 4 , sulfated steroids such as DHEAS and E 1 3S, glucuronides such as 17␤-estradiol 17-(␤-D-glucuronide) (E 2 17␤G), the bile constituents GC and TC, and monoglutamates such as MTX. Based upon the stimulatory action of DHEAS on uptake of E 2 17␤G, the attenuation of this effect at high DHEAS concentrations and the lack of reciprocal promotion of DHEAS uptake by E 2 17␤G, a model involving nonreciprocal constructive interactions between some transport substrates is invoked. These results suggest that MRP8 is involved in physiological processes involving bile acids, conjugated steroids, and cyclic nucleotides and indicate that the pump has complex interactions with its substrates.
16-(␤-D-glucuronide) (E 3 16␤G) were purchased from SigmaAldrich (St. Louis, MO). Unlabeled MTX and MTX polyglutamates were purchased from Schircks Laboratories (Jona, Switzerland). DNP-SG and [ 3 H]DNP-SG were synthesized from 1-chloro-2,4-dinitrobenzene and unlabeled or labeled [ 3 H]glycine-2-glutathione (44.8 Ci/mmol; PerkinElmer Life and Analytical Sciences), as described previously (Awasthi et al., 1981) . LLC-PK1-MRP8-3 and control LLC-PK1-pcDNA cells were described previously (Guo et al., 2003) . HEK293 cells transduced with MRP4 and control HEK293 cells were kindly provided by Piet Borst (Netherlands Cancer Institute, Amsterdam, The Netherlands). LLC-PK1 and HEK293 cells, respectively, were grown in M-199 medium or Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, penicillin, streptomycin, and glutamine.
Preparation of Membrane Vesicles. Membrane vesicles were prepared by the nitrogen cavitation method as described previously (Cornwell et al., 1986) . Cells were washed with PBS and then scraped into PBS containing 1% aprotinin. Cells were then washed at 4°C in PBS, collected by centrifugation (4000g for 10 min), suspended in buffer A (10 mM Tris-HCl, pH 7.4, 0.25 M sucrose, 1 mM p-amindinophenylmethanesulfonylfluoride, and 0.2 mM CaCl 2 ) and equilibrated at 4°C for 15 min under a nitrogen pressure of 500 psi. EDTA was added to the suspension of lysed cells to a final concentration of 1 mM, and the suspension was then diluted 1:4 with buffer B (10 mM Tris-HCl, pH 7.4, 0.25 M sucrose, and 1 mM p-amindinophenylmethanesulfonylfluoride) and centrifuged at 4000g for 10 min at 4°C to remove nuclei and unlysed cells. The supernatant was layered onto a sucrose cushion (35% sucrose, 10 mM Tris-HCl, pH 7.4, and 1 mM EDTA) and centrifuged for 30 min at 16,000g at 4°C. The interface was collected and centrifuged for 45 min at 100,000g for 4°C. The pellet was resuspended in buffer B by repeated passage through a 25-gauge needle. Protein concentration was determined by the method of Bradford (Bradford and Ward, 1976) . Vesicles were stored at Ϫ80°C.
Immunoblot Analysis. Membrane vesicle preparations were resolved by 8% SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose filters using a wet transfer system, as described previously (Laemmli, 1970; Towbin et al., 1979) . MRP8 was detected using previously described polyclonal anti-MRP8 antibody at a dilution of 1:500 and alkaline phosphatase-conjugated secondary antibody (Guo et al., 2003) .
In Vitro Transport Assays. Transport assays were performed using the rapid filtration method essentially as described previously (Leier et al., 1994) . Assays were carried out at 37°C in medium containing membrane vesicles (10 g), 0.25 M sucrose, 10 mM TrisHCl, pH 7.4, 10 mM MgCl 2 , 4 mM ATP or 4 mM AMP, 10 mM phosphocreatine, 100 g/ml creatine phosphokinase, and radiolabeled substrate Ϯ unlabeled substrate, in a total volume of 50 l. Reactions were carried out at 37°C and stopped by the addition of 3 ml of ice-cold stop solution (0.25 M sucrose, 100 mM NaCl, and 10 mM Tris-HCl, pH 7.4). For the rapid filtration step samples were passed through 0.22-m GVWP filters (Millipore Corporation, Billerica, MA) presoaked in the stop solution, except for DHEA, DHEAS, E1, and E1S transport assays, for which presoaked glass fiber filters (type A/E; Gelman Sciences, Montreal, PQ, Canada) were used. The filters were washed three times with 3 ml of ice-cold stop solution and dried at room temperature. Radioactivity was measured by the use of a liquid scintillation counter. Rates of net ATP-dependent transport were determined by subtracting the values obtained in the presence of 4 mM AMP from those obtained in the presence of 4 mM ATP. Uptake rates were linear for at least 5 min, and rates for concentration dependence experiments were measured at 5 min.
Data Analysis. Kinetic parameters were computed by nonlinear least-squares analysis (Marquardt, 1963) using Ultrafit computer software (Biosoft, Ferguson, MO).
Results

Expression of MRP8 in Membrane Vesicles
Prepared from MRP8-Transfected LLC-PK1 Cells. MRP8-dependent transport activity was assayed on density-fractionated membrane vesicles prepared from previously described LLC-PK1 cells transfected with MRP8 expression vector (LLC-PK1-MRP8-3) and parental plasmid-transfected control cells (LLC-PK1-pcDNA) (Guo et al., 2003) . As determined by immunoblot analysis, LLC-PK1-MRP8-3 membranes were a rich source of MRP8 protein, which migrates as a 170,000-to 190,000-Da electrophoretic species (Fig. 1) . This apparent molecular mass is larger than the calculated molecular mass of MRP8 (ϳ154,000 Da), as would be expected for a glycosylated transmembrane protein.
Transport of cAMP and cGMP by MRP8. To determine whether experiments using LLC-PK1-MRP8-3 membrane vesicle preparations faithfully reflected the transport characteristics of the pump, uptake of cAMP and cGMP, compounds we had inferred previously from cellular measurements to be MRP8 transport substrates, were examined in the first instance (Guo et al., 2003) . As expected, MRP8-enriched membrane vesicles catalyzed enhanced energy-dependent transport of both of these cyclic nucleotides (Fig. 2) . At an initial concentration of 1 M [ 3 H]cAMP, uptake by MRP8 membrane vesicles in the presence of ATP was 0.74 pmol/mg/min when measured at the 5-min time point of the assay, whereas the values for the same vesicles in the presence of AMP or by the control vesicles in the presence of either ATP or AMP, were less than 0.53 pmol/mg/min. The corresponding values for uptake of 1 M [ 3 H]cGMP were 0.59 pmol/mg/min and less than 0.39 pmol/mg/min. MRP8-mediated transport of cAMP and cGMP was attenuated by increasing the sucrose concentration in the transport buffer, indicating that the substrates were delivered into an osmotically sensitive compartment (data not shown).
Transport of Glutathione and Glucuronate Conjugates, and Monoanionic Bile Acids by MRP8. The facility of MRP8 for transporting a variety of amphipathic anions that are established transport substrates of various MRP family members was examined next (representative structures are shown in Fig. 3 ). LTC 4 , DNP-SG, and E 2 17␤G were used as model test compounds for glutathione and glucuronate conjugates. These compounds were all subject to MRP8-mediated transport (Fig. 4, A-C Transport of Sulfated Steroids. The ability of MRP8 to transport sulfated steroids was examined next using DHEAS and E 1 3S as model test compounds. Both of these compounds were subject to MRP8-mediated transport (Fig. 5 , A and C).
[ 3 H]DHEAS at an initial concentration of 100 nM was taken up by LLC-PK1-MRP8-3 membrane vesicles at rate of 1.0 pmol/mg/min from media containing ATP, and at rate of only 0.42 pmol/mg/min from media containing AMP (Fig. 5A ). Similar to the case with E 2 17␤G, ATP-energized transport of DHEAS was detected for the control membranes, but at rates that were consistently lower than those of MRP8-enriched membranes. For control membranes the uptake rates were 0.61 and 0.35 pmol/mg/min from media containing ATP and AMP, respectively. MRP8-mediated uptake of 100 M [ 3 H]DHEA was not observed to any extent, indicating that transport of [ 3 H]DHEAS was dependent upon its covalent modification with a 3Ј sulfate moiety (Fig. 5B) . The transport characteristics of MRP8 with respect to E 1 3S paralleled the situation for DHEAS, in that whereas MRP8-mediated uptake of [ 3 H]E 1 3S was readily apparent, uptake of the unmodified parent compound [ 3 H]E1 was undetectable (Fig. 5, C and D) . Uptake of 1 M [ 3 H]E 1 3S by LLC-PK1-MRP8-3 membranes was 2.8 pmol/mg/min under energized conditions, by contrast with rates of less than 2.2 pmol/mg/min for the same membranes in media containing AMP or control membranes in media containing either ATP or AMP.
Analysis of Prostaglandin E1 and Prostaglandin E2 Transport by MRP8. Recently, MRP4 was reported to be competent in the transport of PGE1 and PGE2 . By contrast with MRP4, MRP8 was unable to transport either of these compounds (Fig. 6 ). Under assay conditions in which uptake of 100 nM [ 3 H]PGE1 or 10 nM Transport of MTX by MRP8. The ability of MRP8 to transport MTX, a monoglutamate and folic acid analog, was examined next. Robust MRP8-mediated uptake of this antifolate was observed (Fig. 7A) (Fig. 7B) . ATP-dependent uptake attributable to MRP8 was 405 pmol/mg/10 min, whereas the corresponding value for [ 3 H]MTX-Glu2 was 15 pmol/mg/10 min, and MRP8-dependent uptake of [ 3 H]MTX-Glu3 was undetectable. As expected, MRP8 was able to mediate the transport of folic acid, albeit at lower levels than observed for MTX (Fig. 7B) .
Kinetics (Fig. 8A) . ATP-dependent uptake attributable to MRP8 was enumerated as the difference in the uptake in medium containing ATP between MRP8-enriched membrane vesicles and control membrane vesicles (Fig. 8B) . This yielded K m and V max values of 62.9 Ϯ 12 M and 62.0 Ϯ 5.2 pmol/mg/min for MRP8 (Fig. 8B) . For [ 3 H]DHEAS, the K m and V max values for MRP8-enriched membrane vesicles and control membrane vesicles were 8.9 Ϯ 3.3 M and 39.6 Ϯ 4.1 pmol/mg/min, and 7.2 Ϯ 1.3 M and 16.4 Ϯ 3.7 pmol/mg/min, respectively (n ϭ 3) (Fig. 9A) . Analysis of ATP-dependent uptake attributable to MRP8 yielded K m and V max values of 13.0 Ϯ 0.8 M and 34.9 Ϯ 9.5 pmol/mg/min (Fig. 9B ).
Transport of [ 3 H]MTX also exhibited saturation kinetics (Fig. 10 ). The K m and V max values were 957 Ϯ 28 M and 317 Ϯ 17 pmol/mg/min (n ϭ 3). The efficiencies (V max /K m ratios) of ATP-dependent uptake therefore fell in the rank order of DHEAS (2.7) Ͼ E 2 17␤G (1.0) Ͼ Ͼ MTX (0.30; Table 1 ).
Effect of Substrates and Other Compounds on E 2 17␤G Transport. To gain insight into the interactions of MRP8 with its substrates and other compounds a range of compounds were screened for their capacity to inhibit E 2 17␤G uptake into MRP8-enriched membrane vesicles. In the first instance, 10 M concentrations of substrates were analyzed ( Table 2 ). The inhibitions exerted by the majority of these compounds, including cAMP, cGMP, glycocholate, taurocholate, and MTX were moderate (26.2-37.9%). In accord with the finding that MTX, but not MTX polyglutamates, is a transport substrate, the inhibition exerted by MTX-Glu2 (10.9%) was weaker by comparison with the parent compound (30.5%), and inhibition by MTX-Glu3 was not detected to any extent. Of the known substrates tested, DNP-SG (83.4 and 11.6% at 10 and 1 M, respectively) and LTC 4 (27.7% at 1 M; LTC 4 concentration is limited by its solubility) were the most potent inhibitors. In contrast to the latter substrates, DHEAS exerted a stimulatory effect (ϳ2-fold) on E 2 17␤G uptake. However, the dianionic bile acid glycolithocholate, which, like DHEAS, bears a 3Ј sulfate substituent, not only failed to stimulate transport but instead exerted a Next, the effects of a range of compounds that are inhibitors of organic anion transporters were examined (Table  2 ). In accord with the capacity of the glutathione conjugates DNP-SG and LTC4 to inhibit transport, the LTD4 analog MK571 was the most potent of the inhibitors tested (17.7 and 75.0% at 1 and 10 M concentrations, respectively). The inhibitions exerted by probenecid and indomethacin were moderate (24.4 and 35.9%), and sildenafil and penicillin G were weak inhibitors (21.1 and 8.9%, respectively). By contrast with the inhibitory effects of the later compounds, sulfanitran and sulfinpyrazone stimulated E 2 17␤G uptake into MRP8-enriched vesicles (ϳ1.3-and 1.5-fold, respectively). Neither glucuronic acid nor sodium sulfate exerted appreciable inhibitions, at either 10 M (Fig. 11A) or 1 mM (data not shown) .
The effects of compounds that either did (DHEAS, sulfanitran, and sulfinpyrazone) or did not (penicillin G) stimulate E 2 17␤G uptake into MRP8-enriched membrane vesicles were analyzed in further detail in experiments in which control vesicles and a range of modulator concentrations were used (Fig. 11) . These experiments confirmed that DHEAS was able to stimulate MRP8-mediated transport of E 2 17␤G but showed that the effects of sulfanitran and sulfinpyrazone were attributable to stimulation of endogenous transporters present in LLC-PK1 cells.
Stimulation of E 2 17␤G uptake into membranes prepared from LLC-PK1-MRP8-3 cells was apparent at all DHEAS concentrations (10-1000 M), with the maximum effect observed at 100 M (Fig. 11A, black columns) . Stimulation was also observed for the control membranes, for which the greatest effect (3.6-fold) was observed at 30 M DHEAS (white columns). However, an increment in uptake consequent to DHEAS and specific for MRP8 was clearly discernable, as indicated by the MRP8-dependent transport values (striped columns), enumerated as the ATP-dependent uptake values for MRP8-enriched membranes minus 
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at ASPET Journals on October 14, 2017 molpharm.aspetjournals.org the ATP-dependent uptake values for the control membranes. At 100 M DHEAS, MRP8-mediated uptake of E 2 17␤G was stimulated 5.8-fold. At higher DHEAS concentrations promotion of MRP8-dependent uptake was attenuated. By contrast with DHEAS, sulfanitran and sulfinpyrazone stimulated uptake by control vesicles but had only barely appreciable effects (1.3-and 1.2-fold, respectively, at 10 M) on MRP8-mediated transport (Fig.  11, B and C) . The modest stimulatory effect on MRP8-dependent transport was attenuated at higher concentrations of sulfanitran, and in the case of sulfinpyrazone higher concentrations exerted an inhibitory effect. Penicillin G at a concentration of 10 M did not affect MRP8-mediated transport, but was a potent inhibitor at 100 and 1000 M (Fig. 11D) .
Next, the dependence of stimulation of E 2 17␤G transport on covalent modifications of DHEA, as well as the effects of other steroids, were examined (Fig. 12A) . In contrast to the stimulation exerted by DHEAS, DHEAG was a potent inhibitor (67.4%) and DHEA did not affect transport to any extent. This suggested that stimulation was dependent upon modification of DHEA with sulfate, and that substitution of sulfate with glucuronic acid yielded an inhibitory compound. A strikingly similar pattern was observed when the effects of covalent modification at the position 3 was evaluated in the context of three other steroids. By comparison with the negligible effects of E1, E2, and E3 on E 2 17␤G transport, the respective 3Ј sulfated compounds, E 1 3S, E 2 3S, and E 3 3S, stimulated transport, and the respective 3Ј glucuronidated compounds were all potent inhibitors. E 1 3S, E 2 3S, and E 3 3S stimulated uptake by 2.1-, 2.7-, and 1.6-fold, respectively, whereas E 1 3G, E 2 3G, and E 3 3G inhibited transport by 87.9, 86.0, and 78.8%, respectively. Interestingly, modification of E 2 3S with a D ring glucuronic acid moiety at the 17 position (E 2 3S17␤G) not only abrogated the stimulation associated with the A ring sulfate substituent but also yielded the most potent inhibitor (97.2%) of the series of compounds tested in Fig. 12A . E 2 3␤G17S, an E2 derivative bearing both sulfate and glucuronic acid modifications, but in which the respective positions of the substituents are reversed compared with E 2 3S17␤G, was also a potent inhibitor (81.6%), albeit it somewhat less potent that the latter compound, and about as potent as E 2 3␤G. In combination the analysis of the substituted E2 compounds indicated that the presence of either an A or a D ring glucuronate substituent was sufficient to exert an inhibitory effect. In accord with this notion, the D ring glucuronide E 3 16␤G was also a potent inhibitor (92.1%).
Effects of Substrates and Other Compounds on DHEAS Transport. The same compounds analyzed in the context of E 2 17␤G transport were evaluated for their effects on DHEAS uptake by MRP8-enriched membranes (Table 3) . Whereas DHEAS was able to stimulate E 2 17␤G transport (Table 2 ; Fig. 10A ), the reverse was not the case, in that E 2 17␤G exerted an inhibitory effect on DHEAS transport (19.7%). The inhibitions exerted on DHEAS uptake by the other compounds were similar to the effects observed for the same compounds on E 2 17␤G transport (Table 2) 11 . Effects of DHEAS, sulfanitran, sulfinpyrazone, and penicillin G on MRP8-mediated transport. Membrane vesicles prepared from LLC-PK1-MRP8-3 or LLC-PK1-pcDNA were incubated at 37°C for 10 min in uptake medium containing 1 M [ 3 H]E 2 17␤G in the presence of varying concentrations of DHEAS (A), sulfanitran (B), sulfinpyrazone (C), or penicillin G (D). White columns, ATP-dependent uptake by LLC-PK1-pcDNA membrane vesicles; black columns, ATP-dependent uptake by LLC-PK1-pcDNA-8-3 membrane vesicles; striped columns, MRP8-dependent uptake. ATP-dependent uptake was enumerated as uptake in medium containing 4 mM MgATP minus uptake by the same membrane vesicles in medium containing 4 mM MgAMP. MRP8-dependent uptake was enumerated as ATP-dependent uptake by MRP8-enriched membrane vesicles minus ATP-dependent uptake by control membrane vesicles. The values shown are means Ϯ S.E. of a representative experiment performed in duplicate. Fig. 12 . Effects modified and unmodified steroids on E 2 17␤G and DHEAS uptake. A, effects of modified and unmodified steroids on E 2 17␤G uptake. Membrane vesicles prepared from LLC-PK1-MRP8-3 were incubated at 37°C for 10 min in uptake medium containing 1 M [ 3 H]E 2 17␤G in the presence of 10 M concentrations of the indicated compounds. ATP-dependent uptake was enumerated as uptake in medium containing 4 mM MgATP minus uptake by the same membrane vesicles in medium containing 4 mM MgAMP. The values shown are means Ϯ S.E. of three experiments performed in duplicate. B, effects of varying concentrations of E 2 17␤G on DHEAS uptake. Membrane vesicles prepared from LLC-PK1-MRP8-3 or LLC-PK1-pcDNA were incubated at 37°C for 10 min in uptake medium containing 100 nM [ 3 H]DHEAS in the presence of varying concentrations of E 2 17␤G. White columns, ATP-dependent uptake by LLC-PK1-pcDNA membrane vesicles; black columns, ATP-dependent uptake by LLC-PK1-MRP8-3 membrane vesicles; striped columns, MRP8-dependent uptake. ATP-dependent uptake was enumerated as uptake in medium containing 4 mM MgATP minus uptake by the same membrane vesicles in medium containing 4 mM MgAMP. MRP8-dependent uptake was enumerated as ATP-dependent uptake by MRP8-enriched membrane vesicles minus ATP-dependent uptake by control membrane vesicles. The values shown are means Ϯ S.E. of a representative experiment performed in duplicate. C, effects of various modified and unmodified steroids on DHEAS uptake. Membrane vesicles prepared from LLC-PK1-MRP8-3 were incubated at 37°C for 10 min in uptake medium containing 100 nM [ 8% at 1 M) , DNP-SG (43.7% at 10 M), glycolithocholate (71% at 10 M), and MK571 (78.4% at 10 M) were the most potent inhibitors of DHEAS transport, and MTX (22.5%) was a more potent inhibitor compared with lower polyglutamyl MTX species (ϳ4%).
The effects of conjugated steroids on DHEAS transport were examined in more detail. The inhibition exerted by E 2 17␤G on MRP8-dependent transport was concentrationdependent, increasing from 23.9% at 3 M to 75% at 300 M (Fig. 12B) . Of the other conjugated steroids analyzed, in no case was stimulation of DHEAS uptake observed (Fig. 12C) . DHEAG was the most potent inhibitor of the steroids bearing only glucuronate substituents (49.1%). The estrogen glucuronides, irrespective of whether the glucuronic acid modification is present on the D ring (E 3 16␤G, 16.8%; E 2 17␤G, 19.9%), or the A ring (E 1 3␤G, 15.7%; E 2 3␤G, 18.8%; E 3 3␤G, 6.6%), exerted a modest increment in inhibition over that observed for the respective unmodified parent compounds. The 3Ј sulfated estrogens were more potent inhibitors than the corresponding 3Ј estrogen glucuronides, exerting inhibitions of 38.5% (E 1 3S), 64.8% (E 2 3S), and 23.2% (E 3 3S). The inhibition exerted by E 2 3S17␤G (61.1%) was comparable with that of E 2 3S, and the inhibition exerted by E 2 3␤G17S (26.9%) was only modestly greater than E 2 3␤G. Neither glucuronic acid nor sodium sulfate exerted appreciable inhibitions, at either 10 M (Fig. 12C ) or 1 mM (data not shown).
Effects of DHEAS and E 2 17␤G on Taurocholate Transport. Having determined the effects of DHEAS and E 2 17␤G on transport of each other, and the effects of TC on transport of DHEAS and E 2 17␤G (Tables 2 and 3) , we next analyzed the effects of DHEAS and E 2 17␤G on TC transport. As shown in Fig. 13 , each of these compounds exerted a dose-dependent inhibition of TC uptake.
Discussion
In the present study, the in vitro transport characteristics of MRP8 were investigated to gain insights into the substrate range, potential in vivo functions, and biochemical activity of the pump. The results of these experiments provide the first direct determination of the substrates of MRP8. The membrane vesicle uptake experiments reveal that a range of physiological amphipathic anions, as exemplified by LTC 4 , E 2 17␤G, DHEAS, E1S, GC, and TC are MRP8 substrates. In addition, it is shown that MRP8 is capable of transporting cAMP and cGMP, a finding that is in accord with our previous cellular experiments showing that expression of MRP8 depresses intracellular levels of cyclic nucleotides by enhancing cellular extrusion, either under basal conditions or when cells were treated with agents that stimulate the synthesis of cyclic nucleotides (Guo et al., 2003) . Hence, MRP8 is able to transport a variety of lipophiles conjugated to glutathione, glucuronate, sulfate, glycine, and taurine, as well as to phosphate.
Although amino acid comparisons indicate that MRP8 more closely resembles MRP5 than it does MRP4 (Bera et al., 2001; Tammur et al., 2001; Yabuuchi et al., 2001) , our results indicate that the substrate selectivity of MRP8 is more similar to that of MRP4. Both of these pumps are able to transport glucuronate and glutathione conjugates, monoanionic bile acids, DHEAS, E1S, and folates Zelcer et al., 2003b) . However, there are distinguishing features in the selectivities of the two pumps. Transport of GC and TC by MRP4 exhibits a strict glutathione dependence, and MRP4 is able to transport prostaglandins such as PGE1 and PGE2 Rius et al., 2003) . By comparison, we found that MRP8 is able to transport monoanionic bile acids in the absence of glutathione, and that MRP8-mediated transport of PGE1 and PGE2 was undetectable under the experimental conditions used in our uptake assays. At the time of writing, cyclic nucleotides are the only physiological transport substrates that MRP4, MRP5, and MRP8 are known to have in common (Jedlitschky et al., 2000; Chen et al., 2001; van Aubel et al., 2002; Guo et al., 2003) . However, all three pumps are able to confer resistance to nucleotide analogs such as 9-(2-phosphonylmethoxyethyl)adenine (Schuetz et al., 1999; Lee et al., 2000; Wijnholds et al., 2000; Guo et al., 2003) .
A striking finding to come from these investigations, and another feature that distinguishes the biochemical activity of MRP8 from MRP4, is the susceptibility of MRP8-mediated transport of E 2 17␤G to stimulation by DHEAS. By contrast, sulfated steroids were reported to inhibit E 2 17␤G transport by MRP4, and DHEAS was a particularly potent inhibitor (Zelcer et al., 2003b) . Two potential mechanisms that could account for constructive interactions between some transport substrates of MRP8 are that E 2 17␤G and DHEAS are cotransported from a single substrate binding site or that DHEAS stimulates transport of E 2 17␤G by binding to a topologically distinct site. Two findings tend to support the latter possibility. First, stimulation of E 2 17␤G transport was attenuated at high DHEAS concentrations, a finding that is reminiscent of the activating effects of compounds such as indomethacin on MRP2-mediated transport of E 2 17␤G (Bodo et al., 2003; Zelcer et al., 2003a) and suggests that at lower concentrations DHEAS exerts a stimulatory effect by binding to a site distinct from the transport substrate binding pocket, whereas at higher concentrations it may predominately compete with E 2 17␤G binding at the transport site. Second, the interaction between E 2 17␤G and DHEAS is not reciprocal, as might be expected for cotransport, in that instead of promoting DHEAS transport E 2 17␤G exerted an inhibitory effect. This finding, in combination with the results showing that several estrogens bearing 3Ј sulfate substituents seemed to stimulate E 2 17␤G transport, whereas the corresponding 3Ј glucuronidated compounds and DHEAG inhibited transport, and that MRP8-mediated transport of TC is susceptible to inhibition by both E 2 17␤G and DHEAS, indicate that the putative second binding site invoked above, as well as the transported substrate, are specific in terms of the ability of compounds to stimulate transport in the former case, and the susceptibility of transport substrates to stimulation in the latter case. The invocation of a mechanism that does not involve cotransport to explain the stimulatory effect of DHEAS on MRP8-mediated transport is further supported by the recent finding that ethinylestradiol sulfate, which is not a transport substrate of MRP2 or MRP3, is able to stimulate E 2 17␤G transport by both of these pumps (Chu et al., 2004) . A potential kinetic manifestation of separate binding sites in MRP8 for sulfated steroids-a sigmoidal concentration dependence curve for DHEAS transport-could not be evaluated in our study because of appreciable uptake rates by the control membranes. Additional transport and protein structural studies are needed to further define the cooperative interactions between some MRP8 substrates.
MRP8 transcript has been reported to be expressed in a wide range of normal tissues, including liver, breast, prostate, and testis (Bera et al., 2001; Tammur et al., 2001; Yabuuchi et al., 2001 ). This expression pattern, in combination with the determination of MRP8 substrates described herein, allows for speculation as to potential physiological functions of the pump. The ability of MRP8 to mediate the transport of monoanionic bile acids is of particular interest in view of MRP8 transcript expression in liver, because this suggests that the pump may be involved in bile acid homeostasis in hepatocytes. Two other MRP family members that are competent in bile acid transport, MRP3 and MRP4, have previously been implicated in this process. MRP3, which is induced at basolateral surfaces of hepatocytes in cholestatic conditions, has been proposed as a backup system that functions to extrude bile acids and conjugates such as bilirubin glucuronide into portal blood when the normal canalicular route mediated by bile salt export pump (bile acids) and MRP2 (conjugates) is impaired Hirohashi et al., 2000; Zeng et al., 2000) . This physiological role is supported by experiments showing that Mrp3 null mice, when made cholestatic by bile duct ligation, have increased hepatic bile acid levels and reduced serum levels of bilirubin glucuronide (M. G. Belinsky and G. D. Kruh, unpublished data) . The finding that MRP4, which also assumes basolateral localization in hepatocytes, is up-regulated in cholestatic conditions indicates that it may play a similar role (Rius et al., 2003) . The facility of MRP8 for transporting glucuronidated and sulfated steroids such as E 2 17␤G, DHEAS, and E 1 3S, in combination with MRP8 transcript expression in breast, prostate, and testis, suggests that the pump may play a role in the response of these hormonally regulated tissues to sex steroids. Along the same lines, the reported expression of MRP8 transcript in breast cancer specimens is noteworthy in that the hormone responsiveness of this cancer is highly relevant to its treatment (Bera et al., 2001) . Additional insights into the physiological functions of the pump, and its relevance to cancer, should be afforded by investigations of MRP8 protein expression in normal tissues and cancers, and by determination of its subcellular localization in polarized epithelial cells.
The determination that MRP8 is able to transport MTX extends our understanding of the molecular components of the energy-dependent membrane system that mediates extrusion of this prototypical antifolate. Because the retention, and associated cytotoxicity of MTX, is dependent upon the ability of cells to transport MTX, but not the polyglutamyl species to which MTX is rapidly converted intracellularly, the molecular identification of components of the efflux system has been of substantial interest (Zhao and Goldman, 2003) . In previous studies we characterized the in vitro transport capabilities of several MRP family members toward MTX, and found that MRP1, MRP2, MRP3, and MRP4, but not MRP6 or MRP7, are competent in the transport of this agent (Zeng et al., 2000 (Zeng et al., , 2001 Belinsky et al., 2002; Chen et al., 2002 Chen et al., , 2003a . As would be expected for components of the MTX efflux system, we determined that the robust activity of MRPs 1 to 4 toward MTX is severely attenuated by the addition of even one more glutamyl residue and that these pumps are highcapacity, low-affinity transporters of unmodified MTX (Zeng et al., 2001; Chen et al., 2002) . ABCG2 is also capable of mediating the high-capacity, low-affinity transport of MTX (Chen et al., 2003b; Volk and Schneider, 2003) . However, by contrast with MRPs 1 to 4, ABCG2 is also able to transport diglutamyl and triglutamyl MTX species. A consequence of the MTX transport properties exhibited by MRPs 1 to 4 is that these pumps are potent resistance factors when transfected cells are exposed to high drug concentrations for the first few hours of a 3-day growth assay, but weak resistance factors in continuous exposure assays in which much lower MTX concentrations are used (Hooijberg et al., 1999; Kool et al., 1999; Lee et al., 2000) . The results showing that MRP8 is a high-capacity, lowaffinity transporter (K m ϭ 957 M) of this agent and that it has little or no activity toward MTX polyglutamates indicate that the MTX transport characteristics of MRP8 are similar to those of MRPs 1 to 4 and that the plasma membrane efflux system responsible for MTX extrusion is composed of no less than six ATP-binding cassette transporters. We anticipate that MRP8 will also have the facility for conferring resistance to this agent. In that case, the resistance profile of MRP8 would encompass two of three components of a chemotherapeutic regimen (cytoxan, MTX, and 5-fluorouracil) used in the adjuvant treatment of breast cancer. This circumstance, in combination with the considerations mentioned above, would further suggest that investigation of MRP8 expression in this cancer is warranted.
